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ABSTRACT
Conditions experienced during juvenile development can
affect the ﬁtness of an organism. During early life, oxidative
stress levels can be particularly high as a result of the increased
metabolism and the relatively immature antioxidant system of
the individual, and this may have medium- and long-term
ﬁtness consequences. Here we explore variation in levels of
oxidative stress measured during early life in relation to sex,
rearing conditions (hatching date and brood size), and pa-
rental condition and levels of oxidative markers in a wild pop-
ulation of the pied ﬂycatcher (Ficedula hypoleuca) followed for
2 yr. A marker of total antioxidant status (TAS) in plasma and
total levels of glutathione (GSH) in red blood cells, as well as a
marker of oxidative damage in plasma lipids (malondialdehyde
[MDA]), were assessed simultaneously. Our results show that
nestling total GSH levels were associated with parental oxidative
status, correlating negatively with maternal MDA and positively
with total GSH levels of both parents, with a high estimated her-
itability. This suggests that parental physiology and genes could
be determinants for endogenous components of the antioxidant
system of the offspring. Moreover, we found that total GSH levels
were higher in female than in male nestlings and that hatching
date was positively associated with antioxidant defenses (higher
TAS and total GSH levels). These results suggest that different
components of oxidative balance are related to a variety of envi-
ronmental and intrinsic—including parental—inﬂuencing fac-*Corresponding author; e-mail: jimena.lopez@mncn.csic.es.
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contribution of each of these on nestling oxidative status and how
the resulting oxidative stress at early phases shape adult phenotype
and ﬁtness.
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Oxidative stress—the imbalance between the rate of produc-
tion of reactive oxygen and nitrogen species and the anti-
oxidant machinery—may affect several ﬁtness-related traits,
shaping animal life-history evolution (Halliwell and Gut-
teridge 2007; Costantini 2008; Dowling and Simmons 2009;
Monaghan et al. 2009; Costantini et al. 2010; Metcalfe and
Alonso-Alvarez 2010). Juvenile development is a life stage in
which oxidative stress levels can be particularly high (Gaál
et al. 1996; Nussey et al. 2009), as a result of the high rate of
metabolism required for growth, which an immature antioxi-
dant system has difﬁcultly matching (Monaghan et al. 2009;
Metcalfe and Alonso-Alvarez 2010 and references therein).
Such early oxidative stress during early development may have
long-lasting ﬁtness consequences later in life (Blount et al. 2003;
Alonso-Alvarez et al. 2006, 2007; Norte et al. 2009; Koivula
et al. 2011; Noguera et al. 2011; reviews in Dowling and Sim-
mons 2009; Monaghan et al. 2009; Costantini 2014). There-
fore, identifying the main factors determining oxidative status
during early development is essential to obtain an integral
understanding of life-history trade-offs.
The level of oxidative stress experienced by an organism can
be inﬂuenced by a combination of genetic and environmental
factors. Evidence of a genetic contribution to the generation
of reactive oxidative metabolites and resistance to oxidative
stress has been provided for a few model species (Costantini
and Dell’Omo 2006; Kim et al. 2010; Losdat et al. 2014). The
comparison between related individuals (i.e., parents and off-
spring) allows inferring of the relative contribution of genes to
the variability of a speciﬁc trait (Falconer and Mackay 1996).
This provides an estimate of the narrow sense heritability (h2),
which is deﬁned as the ratio of the additive genetic variance to
the phenotypic variance (Lynch and Walsh 1998).
Several studies also support the existence of a contribution
of environment to the level of oxidative stress experienced by
individuals during early life stages (e.g., Costantini et al. 2006;11.152.057 on March 21, 2016 01:06:28 AM
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Lushchack 2011; Stier et al. 2014). For altricial birds, nest-
related conditions determine an immediate environment
that inﬂuences nestling oxidative stress (e.g., Costantini and
Dell’Omo 2006; Costantini et al. 2006; Losdat et al. 2014;
López-Arrabé et al. 2015). The number of siblings in the nest,
for instance, affects the amount of food received by nestlings,
their growth rate, and the energy spent on competition. This
could lead to a higher metabolism rate with an overproduction
of free radicals and a differential antioxidant intake and al-
location, which could ultimately inﬂuence nestling oxidative
stress (Costantini et al. 2006; Alonso-Alvarez et al. 2007; but
see Losdat et al. 2010). In turn, the quantity/quality of the food
provided by parents ultimately depends on the productivity of
the environment, which is well known to vary seasonally (Mar-
tin 1987) and can alter antioxidant status either directly (Blount
et al. 2003; Costantini 2010) or by modifying growth trajectories
(Alonso-Alvarez et al 2006, 2007). Thus, breeding date is also a
critical factor determining offspring ﬁtness, particularly so in mi-
gratory species that face opposed environmental constraints be-
tween arriving and breeding too early, when weather conditions
are still inadequate, and breeding too late, when odds of success
decrease and food availability declines (Brown and Brown 2000).
However, the effects of these two aspects of rearing conditions on
nestling oxidative stress remains understudied.
Here we explore sources of variation in oxidative stress
experienced by nestlings relative to the body condition and
amount of oxidative stress in parents, nestling sex, and rearing
conditions (brood size, hatching date) in a wild population of
the migratory pied ﬂycatcher (Ficedula hypoleuca). Some re-
cent studies have explored the sources of variation of oxidative
stress in adult pied ﬂycatchers (e.g., Morales et al. 2008, 2011,
2013b, 2013c; López-Arrabé et al. 2014b). However, although
there is evidence of associations between nestling oxidative
stress and some environmental factors, such as pollutants
(Berglund et al. 2007; Rainio et al. 2013; López-Arrabé et al.
2014a) or the presence of nest-dwelling ectoparasites (López-
Arrabé et al. 2015), no comprehensive study exploring pat-
terns in oxidative markers of nestlings has been conducted in
this species.
In order to properly evaluate the redox balance of indi-
viduals, measures of antioxidant capacity and oxidative dam-
age must be obtained simultaneously (Costantini and Verhulst
2009; Monaghan et al. 2009; Pérez-Rodríguez 2009). Here
we use plasma malondialdehyde (MDA) levels—a by-product
of lipid peroxidation (Halliwell and Gutteridge 2007)—as a
measure of oxidative damage (Mateos et al. 2005; Halliwell
and Gutteridge 2007; Sepp et al. 2012). To monitor antioxi-
dant defenses, we use two independent markers: total anti-
oxidant status (TAS) of plasma and total glutathione (GSH)
levels in red blood cells (RBCs). TAS measures the capacity of
plasma samples to inhibit a redox reaction induced by free
radicals (Miller et al. 1993; Cohen et al. 2007) and is primarily
the result of the pooled effect of all extracellular antioxidant
compounds of the blood (Costantini 2011). Glutathione is a
tripeptide thiol functioning in the protection of cells againstThis content downloaded from 161.1
All use subject to University of Chicago Press Termfree radicals, often considered as one of the most important
intracellular antioxidants (Meister 1991; Wu et al. 2004). Both
TAS and MDA levels can be affected by the concentration of
uric acid and triglycerides, respectively, which may confound
the interpretation of these oxidative stress biomarkers (Cohen
et al. 2007; Costantini 2011; Pérez-Rodríguez et al. 2015). Uric
acid is the main form of nitrogen excretion in birds and an
indicator of amino acid catabolism, but it is also a powerful
antioxidant frequently positively related to TAS values (Cohen
et al. 2007; Hõrak et al. 2007; Pérez-Rodríguez et al. 2008a).
On the other hand, triglyceride levels can be related to MDA
levels, either because of an effect of diet (MDA is also present
in food) or because MDA may also be inﬂuenced by the
amount of circulating lipids susceptible to oxidation (Pérez-
Rodríguez et al. 2015). Therefore, we also quantiﬁed these two
plasma metabolites in order to statistically control for their
effects in the analyses.
Our main goal was to examine factors affecting oxidative
status in nestlings shortly before ﬂedging, addressing the po-
tential contribution of genetic, parental, and environmental
effects. We explored oxidative damage and antioxidants in re-
lation to (1) maternal and paternal oxidative status and body
condition, (2) sex of nestlings, and (3) hatching date and brood
size. We found that levels of the cellular antioxidant GSH were
related to parental oxidative status—showing a signiﬁcant her-
itability—but were also inﬂuenced by hatching date. We discuss
the importance of these links in the context of life history, fo-
cusing on the potential impact of oxidative stress during nestling
development on individual ﬁtness.Methods
General Field Methods
The study was conducted during spring of 2012 and 2013 in a
montane forest of Pyrenean oak, Quercus pyrenaica Willd,
at 1200 m above sea level in Valsaín, central Spain (407540N,
47010W). In the general study area, there are 570 nest boxes
(for dimensions, structure, and placement of nest-boxes, see
appendix in Lambrechts et al. 2010), around 100 of which are
yearly occupied by pied ﬂycatchers.
We followed breeding activities from nest construction to
ﬂedging in nest boxes occupied by pied ﬂycatchers. Egg laying
in our population of pied ﬂycatchers typically began in late
May. Females laid on average six eggs, and chicks usually
ﬂedged at the age of 17 d.
We captured adult males and females in their nest boxes
while they were provisioning 7–8-d-old nestlings, ringed them
if necessary, blood sampled, weighed, and measured them.
Body mass was obtained with a digital scale to the nearest
0.1 g, and tarsal length was measured with a digital calliper
(precision 0.01 mm). We took a blood sample of about 120 mL
from the brachial vein that was collected in heparinized micro-
capillaries. We collected blood from adult females during 2012
and 2013 (n p 34) but males only in 2013 (n p 31). Blood
samples were stored in Eppendorf tubes in an icebox until re-11.152.057 on March 21, 2016 01:06:28 AM
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were centrifuged (10 min at 12,000 rpm) to separate blood cells
from plasma, and then both fractions were stored at 2807C. If
hemolysis occurs during sampling, a possible efﬂux of intracel-
lular pro-oxidants and antioxidant molecules into plasma could
alter levels of oxidative markers, thereby confounding interpre-
tation of results. Thus, hemolysis levels in plasma samples were
noted by a visual inspection of red color of plasma samples. We
scored samples from 0 (no hemolysis) to 2 (high degree of
hemolysis). Only one person scored the degree of hemolysis in
order to minimize interobserver variability.
For both years, on day 13 (hatching datep day 1), nestlings
were ringed, weighed, and measured, and a blood sample was
collected following the same protocol as in adults. In 2012, we
collected blood from all chicks in the nest (n p 199), but in
2013, we took blood samples from two randomly selected
nestlings of each nest (n p 74).Lipid Peroxidation Assay
Plasma concentrations of MDA were analyzed as described by
López-Arrabé et al. (2014b). Brieﬂy, a standard curve was
prepared for calibration, using a 1,1,3,3-tetraethoxypropane
stock solution serially diluted in 40% ethanol. Butylated hy-
droxytoluene, phosphoric acid, and thiobarbituric acid (TBA)
solutions were added to each plasma sample and standard.
Then, samples were incubated on a dry bath to allow for-
mation of MDA-TBA adducts. After that, pure n-butanol was
added to each sample and standard. Tubes were vortexed and
centrifuged, and the upper phase was collected and transferred
into a high-performance liquid chromatography (HPLC) vial
for analysis. Samples were injected into an Agilent 1200 HPLC
system (Agilent Technologies, Santa Clara, CA). Data were
collected using a ﬂuorescence detector (G1321A, Agilent Tech-
nologies). Repeatability (following Lessells and Boag 1987),
calculated on a set of samples assayed in duplicate, was high
(rp 0.722, Np 66, P ! 0.001). Interassay coefﬁcient of var-
iability (CV) was 8.08%.Total Antioxidant Status (TAS)
TAS was analyzed as described by López-Arrabé et al. (2014b).
As standard for the assays, we used Trolox (a water-soluble
a-tocopherol derivative), and TAS levels are expressed in
Trolox-equivalent units. The assays were run on a Synergy HT
Multi-Mode Microplate Reader (BioTek Instruments, Winoo-
ski, VT). In order to accurately control the reaction time, only
one column of the plate was used at a time. To standard or
samples were sequentially added metmyoglobin (a mixed of
equal volumes of myoglobin [M0630-250MG, Sigma-Aldrich,
St. Louis] and potassium ferricyanate), ABTS (the chromo-
gen, 2,20-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid)),
and H2O2, starting the reaction. Kinetic measurements were
immediately started, recording absorbance at 660 nm every 5 s.
The temperature was maintained at 377C during assays. All
samples were assayed in duplicate, and results showed a highThis content downloaded from 161.1
All use subject to University of Chicago Press Termrepeatability (rp 0.981, Np 234, P ! 0.001) and an interassay
CV of 3.63%.Intracellular Total GSH Level
Total GSH levels in RBCs were determined as described by
López-Arrabé et al. (2014a) and Romero-Haro and Alonso-
Alvarez (2015). Brieﬂy, RBC samples were diluted and homog-
enized in a stock buffer and mixed with trichloroacetic acid.
The mixture was vortexed and centrifuged, and the superna-
tant was separated. The next steps were performed on a
Synergy HT Multi-Mode Microplate Reader (BioTek Instru-
ments). To samples (supernatant) we added a mixture of nic-
otinamide adenine dinucleotide phosphate and 5,50-dithio-
bis(2-nitrobenzoic acid). Afterward, a GSH reductase solution
was added after 15 s, and the absorbance at 405 nm was
monitored after 15 and 45 s. The change in absorbance was
used to determine the intracellular tGSH concentration by
comparing the output with the results from a standard curve
generated by serial dilution of GSH. The assays were per-
formed at 377C, and only one column of the plate was used at
a time in order to control reaction times accurately. A set of
samples assayed in duplicate showed a high repeatability (rp
0.983, N p 106, P ! 0.001) and an interassay CV of 3.89%.Measurement of Uric Acid and Triglyceride Levels
Following previous studies in birds (e.g., Pérez-Rodríguez
et al. 2008a, 2015; Romero-Haro and Alonso-Alvarez 2015),
plasma levels of uric acid and triglycerides were measured
using commercial kits (11522 and 11529 from Biosystems,
Barcelona) based on the uricase/peroxidase method (Fossati
et al. 1980) and the glycerol phosphate oxidase/peroxidase
method (Bucolo et al. 1973), respectively. Analyses were run in
96-well plates using the same microplate reader mentioned
before. For uric acid, 150 mL of the chromogen were added to
5 mL of each plasma sample or the standard (a 6 mg/dL uric
acid solution). For triglycerides, 250 mL of the chromogen
were added to 5 mL of each plasma sample or the standard (a
200 mg/dL glycerol solution). In both cases, plates were
incubated for 5 min at 377C, subsequently measuring ab-
sorbance at 520 nm (for uric acid) or 500 nm (for triglycer-
ides). A subset of samples assayed in duplicate showed a high
repeatability for both variables (uric acid: rp 0.99, P ! 0.001;
triglycerides: r p 0.94, P ! 0.001; N p 45 in both cases).
Interassay CVs were 2.79% and 3.76% for uric acid and tri-
glycerides, respectively.Sex Determination
The sex of nestlings was determined by the ampliﬁcation of
the CHD sequence present in both W and Z avian chromo-
somes, by polymerase chain reactions (PCRs) using the primers
P2 (50-TCT GCA TCG CTA AAT CCT TT-30) and P8 (50-CTC
CCA AGG ATG AGR AAY TG-30; Grifﬁths et al. 1998). We11.152.057 on March 21, 2016 01:06:28 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
86 J. López-Arrabé, A. Cantarero, L. Pérez-Rodríguez, A. Palma, and J. Morenoperformed assays on a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA). Reaction conditions were as fol-
lows: an initial denaturing step at 947C for 4 min and 30 s was
followed by 45 cycles of 947C for 30 s, 497C for 45 s, and 727C for
45 s. A ﬁnal run of 727C for 5 min completed the program. PCR
products were separated by electrophoresis in cyan/yellow
loading buffer (Invitrogen, Life Technologies, Carlsbad, CA) at
100 V for 20 min. The ampliﬁcation products corresponded to
CDHWand CDHZ genes. Males are identiﬁed by having only the
CDHZ band, while females present both CDHZ and CDHW
bands.This content downloaded from 161.1
All use subject to University of Chicago Press TermStatistical Analyses
In order to statistically control for potentially confounding
effects, we explored the effect of the degree of hemolysis on the
oxidative stress parameters of both nestlings and adults. For
nestlings and adult males, hemolysis affected only MDA levels
(both P ! 0.001). For adult females, hemolysis affected MDA
(P ! 0.001) and total GSH (P p 0.032) levels. In these cases,
we controlled the variables—when entered either as depen-
dent variables or as covariates—by the degree of hemolysis.
Also, we ran models restricted to nonhemolyzed samples inTable 1: Results of mixed models exploring associations between physiological variables of nestling and female pied ﬂycatchers
(Ficedula hypoleuca)Estimate 5 SE11.152.057 on Marc
s and Conditions (htdfh 21, 2016 01:06:28 AM
tp://www.journals.uchicaFgo.edu/t-and-c).PNestling MDA (mmol/mL):
Full model:Hatching date .006 5 .014 1, 37.0 .19 .665
Brood size 2.044 5 .049 1, 44.8 .83 .367
Female body condition .064 5 .056 1, 39.2 1.33 .255
Female hemolysis-corrected MDA .011 5 .010 1, 33.2 1.30 .261
Female uric acid–corrected TAS 2.225 5 .132 1, 57.4 2.90 .094
Female hemolysis-corrected total GSH .071 5 .072 1, 41.5 .96 .332
Hemolysis .396 5 .053 1, 114.0 55.73 !.001*
Year .055 5 .163 1, 39.5 .11 .737Final model:
Hemolysis .370 5 .044 1, 251.0 71.05 !.001*Nestling TAS (mmol/L):
Full model:Hatching date .017 5 .020 1, 15.9 .75 .400
Brood size .001 5 .068 1, 18.1 .00 .993
Female body condition 2.096 5 .087 1, 17.5 1.21 .286
Female hemolysis-corrected MDA .027 5 .015 1, 16.5 3.42 .082
Female uric acid–corrected TAS 2.117 5 .170 1, 37.4 .47 .495
Female hemolysis-corrected total GSH 2.016 5 .103 1, 18.5 .03 .874
Uric acid .113 5 .013 1, 73.6 71.92 !.001*
Year 2.011 5 .230 1, 16.7 .00 .961Final model:
Hatching date .017 5 .006 1, 59.3 7.00 .010*
Uric acid .116 5 .008 1, 169.0 226.37 !.001*Nestling total GSH (mmol/g):
Full model:Hatching date .002 5 .034 1, 28.4 .00 .953
Brood size 2.012 5 .115 1, 33.0 .01 .915
Female body condition 2.179 5 .132 1, 28.7 1.83 .187
Female hemolysis-corrected MDA 2.024 5 .023 1, 24.8 1.02 .322
Female uric acid–corrected TAS 2.258 5 .302 1, 50.3 .73 .397
Female hemolysis-corrected total GSH .539 5 .170 1, 30.1 10.01 .003*
Year 2.029 5 .389 1, 29.6 .01 .941Final model:
Female hemolysis-corrected MDA 2.035 5 .016 1, 55.5 4.80 .033*
Female hemolysis-corrected total GSH .279 5 .102 1, 83.5 7.42 .008*Note. GSH, glutathione; MDA, malondialdehyde; TAS, total antioxidant status.
*Signiﬁcant difference (a p 0.05).
Correlates of Oxidative Stress in Nestling Passerines 87order to assess the robustness of our results. Uric acid affects
plasma TAS measures (Cohen et al. 2007; Pérez-Rodríguez
et al. 2008b), so this marker of antioxidant capacity was always
controlled for uric acid levels when entered in the models.
Also, as recently proposed (Pérez-Rodríguez et al. 2015), sta-
tistical models for MDA were run including and excluding
triglyceride level as a covariate.
To analyze the relationships between nestling oxidative stress
parameters and parental oxidative status and body condition, we
ran separate models including nestling MDA, TAS, or total GSH
as dependent variables and either female ormale parent oxidative
stressmeasures and body condition (residuals of the regression of
body mass on tarsus length) as covariates. In all cases, we con-
trolled for hatching date and brood size by including them as
covariates. In models analyzing associations with the oxidative
status and body condition of the female parent, we also included
year of sampling as ﬁxed factor. For data from 2013, we estimated
heritability (h2) through midparent-offspring correlations (Fal-
coner and Mackay 1996). The slope of the regression of mean
offspring measurements on the mean of their parent’s mea-
surements (the midparent value) constitutes a crude measure of
heritability when full pedigrees are not available. We have as-
sumed that paternity has been accurately estimated through
paternal care at thenest, an assumption that could introduce some
error if extra-pair paternity was high in 2013 (for estimates of
extra-pair paternity in the population, see Moreno et al. 2013a,
2015).
Also, we analyzed the relationships between nestling oxi-
dative stress parameters and breeding variables (hatching date
and brood size) by running models that included nestling
MDA, TAS, or total GSH as dependent variables; hatching
date, brood size, and nestling body condition as covariates;
and sex of nestlings and year of sampling as ﬁxed factors.
Finally, to test the potential relationship between nestling
body condition and breeding variables, we ran a model includingThis content downloaded from 161.1
All use subject to University of Chicago Press Termbody mass as a dependent variable; hatching date, brood size,
and tarsus length as covariates; and year as a ﬁxed factor.
In all cases, we used mixed models using Proc Mixed in SAS
(ver. 9.3) and restricted maximum likelihood to analyze the
variation in nestling oxidative variables. Degrees of freedom
(df ) were estimated using the Satterthwaite approximation,
thus avoiding possible pseudoreplication. Only nestling MDA
levels were log transformed to obtain a normal distribution.
The rest of dependent variables were normally distributed.
Nest was included as a random factor to avoid pseudorep-
lication, and individual nestling was used as a sample unit.
Moreover, in those cases (only three) in which adult females
were captured in the 2 yr of the study, data from one of the
years randomly were eliminated to avoid pseudoreplication.
To obtain minimal adequate models, we elaborated full sat-
urated models including in each case the factors mentioned
above, and we sequentially removed the less signiﬁcant terms
following a standard backward stepwise procedure until only
signiﬁcant variables were retained.
Results
We found a negative association between total GSH levels in
nestlings and adult female MDA (table 1; ﬁg. 1). Moreover,
total GSH levels in nestlings and adult females were signiﬁ-
cantly and positively correlated (table 1). A similar positive
association was found between nestling and male total GSH
levels (F1, 27.6 p 7.35, P p 0.011; estimatep 0.440 5 0.162).
Heritability of total GSH levels varied from 0.60 to 0.71
(ﬁg. 2). Although they were separated by less than 2 SD from
the mean of the sample, two potential outliers might inﬂuence
results (ﬁg. 2). However, when we repeated the analyses
excluding them, the results remained the same (F1, 24p 15.74,
P ≤ 0.001; y p 0.3628 1 0.7071x).
Nestlings that hatched later in the breeding season showed
higher levels of total GSH (table 2) and higher TAS valuesFigure 1. Relation between nestling total glutathione (GSH) levels and
adult female malondialdehyde (MDA) levels, corrected by hemoly-
sis degree (F1, 64 p 4.36, P p 0.041) in the pied ﬂycatcher (Ficedula
hypoleuca).Figure 2. Relation between midparent and mean nestling pied ﬂy-
catcher (Ficedula hypoleuca) total glutathione (GSH) levels in 2013
(F1, 26 p 5.78, P p 0.024; y p 0.8758 1 0.5973x). Arrows indicate
possible outliers (see “Results”).11.152.057 on March 21, 2016 01:06:28 AM
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in female than in male nestlings (table 2; ﬁg. 3). Finally, there
were no associations of nestling body condition with brood
size or hatching date (both P 1 0.06).
None of the above mentioned results for MDA levels (ta-
bles 1, 2) changed when plasma triglyceride levels were en-
tered as a covariate in the respective models. In the same way,
results were qualitatively similar when we restricted our analy-
ses to nonhemolyzed samples.Discussion
We have searched for possible associations of nestling and
parental oxidative variables and body condition in a pied ﬂy-
catcher population. Moreover, we explored variation in levels
of oxidative stress in nestlings in relation to sex and rearing
conditions (hatching date and brood size). Our results showed
that nestling total GSH levels were negatively associated withThis content downloaded from 161.1
All use subject to University of Chicago Press Termmaternal MDA and positively associated with total GSH levels
of both parents, also showing a high estimated heritability.
Moreover, total GSH levels were higher in female than in male
nestlings, and hatching date was positively associated with
antioxidant defenses.
The negative association between nestling total GSH and
MDA levels of the female parent could reﬂect costs and/or
constraints derived from parental care. Females experiencing
lower levels of oxidative damage could be able to invest more
resources in their offspring, for example, by increasing pro-
visioning rates and/or supplying food items of higher nutritive
value to nestlings. This could have a positive effect on nestling
oxidative status, as reﬂected by higher constitutive levels of a
key antioxidant, such as GSH. Alternatively, poorly fed nest-
lings would beg more intensely (Redondo and Castro 1992;
Cantarero et al. 2013), which would increase their level of
oxidative stress (increased oxidative damage and/or depleted
antioxidant defenses; Moreno-Rueda et al. 2012). This couldTable 2: Results of mixed models exploring associations among physiological variables and breeding variables (brood size and
hatching date) of nestling pied ﬂycatchers (Ficedula hypoleuca)Estimate 5 SE11.152
s and Cdf.057 on March 21, 2016 01:06
onditions (http://www.journalsF:28 AM
.uchicago.edu/t-and-c).PMDA (mmol/mL):
Full model:Hatching date .014 5 .009 1, 111.0 2.33 .129
Brood size .042 5 .034 1, 105.0 1.52 .221
Sex .014 5 .045 1, 230.0 .10 .749
Body condition .018 5 .027 1, 208.0 .44 .507
Hemolysis .372 5 .044 1, 244.0 69.84 !.001*
Year .105 5 .104 1, 129.0 1.03 .311Final model:
Hemolysis .371 5 .044 1, 250.0 70.53 !.001*TAS (mmol/L):
Full model:Hatching date .006 5 .010 1, 75.6 .35 .558
Brood size 2.020 5 .036 1, 76.9 .32 .571
Sex .014 5 .043 1, 136.0 .11 .735
Body condition 2.014 5 .027 1, 179.0 .25 .616
Uric acid .116 5 .008 1, 156.0 214.15 !.001*
Year 2.149 5 .107 1, 104.0 1.95 .166Final model:
Uric acid .116 5 .008 1, 160.0 231.41 !.001*
Year 2.218 5 .071 1, 85.9 9.34 .003*Total GSH (mmol/g):
Full model:Hatching date .028 5 .020 1, 102.0 1.98 .163
Brood size 2.056 5 .071 1, 92.7 .61 .435
Sex 2.186 5 .085 1, 238.0 4.81 .029*
Body condition .025 5 .052 1, 234.0 .24 .628
Year 2.215 5 .213 1, 126.0 1.02 .315Final model:
Hatching date .045 5 .012 1, 81.4 12.83 !.001*
Sex 2.185 5 .084 1, 240.0 4.80 .029*Note. GSH, glutathione; MDA, malondialdehyde; TAS, total antioxidant status.
*Signiﬁcant difference (a p 0.05).
Correlates of Oxidative Stress in Nestling Passerines 89elicit a behavioral response from parents, thereby increasing
parental effort (Cantarero et al. 2013), which could increase
metabolic rate and oxidative stress (Nilsson 2002; Alonso-
Alvarez et al. 2004; Wiersma et al. 2004).
The strong positive correlation detected between parent-
offspring total GSH levels could result from the relationship
between parental oxidative status and parental effort and its
subsequent effect on nestling antioxidant depletion. However,
the high value of h2 estimated for this trait suggests that the
levels of this crucial antioxidant compound could be under
strong genetic control. Similarly, a high heritability of GSH
enzymes has been found for humans (60%; Chakraborty and
Chaudhuri 2001). The antioxidant role of GSH in RBCs de-
pends on the rates of synthesis and degradation of GSH but
also on the activity of enzymes involved in GSH action (Hal-
liwell and Gutteridge 2007; Lu 2009). However, GSH is also in-
volved in other important cellular processes not directly linked
to antioxidant protection, such as regulation of DNA synthesis,
melanogenesis, providing a reservoir for cysteine, or regulating
cell growth and death (Lu 2009). A strong genetic control of total
GSH levels would help to buffer sudden changes in antioxidant
requirements, assuring an optimal GSH supply to satisfy those
alternative functions of this molecule.
Unlike total GSH, we found no heritability for TAS and
MDA levels. TAS is a measure of the levels of nonenzymatic
antioxidants—such as vitamins A, C, and E—and carotenoids
(Cohen et al. 2007), many of which are obtained from the diet.
Thus, TAS could reﬂect parental ability to ﬁnd high-quality
food as well as other environmental factors affecting nutrient
availability and allocation. Similarly, levels of MDA could be
substantially inﬂuenced by environmental conditions, since
oxidative damage reﬂects the balance between production of
pro-oxidants and levels of antioxidant molecules, including
those contributing to TAS (Costantini 2014). Consistent with
this, a recent study has also shown a high environmentalThis content downloaded from 161.1
All use subject to University of Chicago Press Termcontribution to MDA levels in nestlings of another passerine
(Losdat et al. 2014). The lack of parent-offspring correlations
in TAS and MDA levels could be also explained by the stronger
effect of some rearing conditions (e.g., diet, nest ectoparasites;
Rubolini et al. 2006; de Coster et al. 2012; López-Arrabé et al.
2015; Wegmann et al. 2015) in the nestlings as compared with
adults.
It should be mentioned, however, that our conclusions on
trait heritabilities must be taken with caution because they are
based on midparent-offspring regressions, which could be
inﬂuenced by shared environmental conditions that can affect
similarities shown between relatives (Kruuk and Hadﬁeld
2007). The application of restricted maximum likelihood ani-
mal models to data from natural populations offers a power-
ful means of tackling these potentially confounding effects
(Kruuk 2004). Unfortunately, in our case, we had data from
only two generations, which makes individual pedigrees un-
reliable.
Associations found between nestling antioxidant defenses
(TAS and total GSH) and hatching date could be explained by
seasonal changes in the availability of speciﬁc nutrients and/
or the metabolic constraints faced by the developing indi-
vidual (Biard et al. 2005; Sternalski et al. 2010). Although early
breeding is usually associated with higher parental and nest-
ling quality (Verhulst and Nilsson 2008 and references
therein), it could also result in increased physiological stress
(Lobato et al. 2010) and metabolic costs as a result of cold
weather conditions under which parental foraging efﬁciency is
low (Stevenson and Bryant 2000). Moreover, cooler micro-
climate conditions in the nest—as found in our study area
early in the reproductive season—may impose higher meta-
bolic costs for nestlings (Dawson et al. 2005), which may have
a direct negative impact on the oxidative status of nestlings
that hatch earlier through depleting their antioxidant reserves
(Bourgeon et al. 2011).
Interestingly, we found signiﬁcant differences in total GSH
levels between nestling sexes, with these being higher in females
than inmales. Similar results have been shown for other species
(Isaksson 2013). This sexual difference is likely to be mediated
via testosterone levels, becausemale nestlings often showhigher
circulating levels of this hormone than females (Naguib et al.
2004; Müller et al 2007; Kozlowski and Ricklefs 2011). Higher
concentrations of testosterone could induce higher levels of
oxidative stress (e.g., Alonso-Alvarez et al. 2007, 2009;Mougeot
et al 2009), leading to a faster decrease of total GSH in males as
compared with females.
In conclusion, we have evaluated several natural correlates
of oxidative stress levels in pied ﬂycatcher nestlings, and we
have found that sex and breeding time explain part of the
variation in oxidative status, since antioxidant defenses were
higher in female chicks and late-hatched broods. Moreover,
we suggest that parental oxidative status and genes could
be determinants for endogenous components of the nestlings
antioxidant system, like total GSH levels. It has been dem-
onstrated that early conditions can inﬂuence trade-offs and
may program the individual phenotype throughout the life-Figure 3. Differences (F1, 270 p 4.83, P p 0.029) in total glutathione
(GSH) levels (mean 5 SE) between female and male nestling pied
ﬂycatchers (Ficedula hypoleuca).11.152.057 on March 21, 2016 01:06:28 AM
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90 J. López-Arrabé, A. Cantarero, L. Pérez-Rodríguez, A. Palma, and J. Morenotime (Lindström 1999; Metcalfe andMonaghan 2001; Romero-
Haro and Alonso-Alvarez 2015). Understanding the relative
contribution of genotype and environmental conditions to the
oxidative stress experienced by the developing nestling—as
well as the life-history trade-offs associated with the interac-
tion between both factors—is essential to fully understand the
importance of oxidative stress in shaping individual phenotype.Acknowledgments
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